Geochemical and microbiological indicators of methane (CH4) production, oxidation 25 and migration processes in groundwater are important to understand when 26 attributing sources of gas. The processes controlling the natural occurrence of CH4 27 in groundwater must be understood, especially when considering the potential 28 impacts of the global expansion of coal seam gas production on groundwater quality 29 and quantity. We use geochemical and microbiological data, along with 30 measurements of CH4 isotopic composition (δ 13 C-CH4), to determine the processes 31 acting upon CH4 in a freshwater alluvial aquifer that directly overlies coal measures 32 targeted for coal seam gas production in Australia. Microbial and geochemical data 33 indicate that there is biogenic CH4 in the aquifer, but no methanogenic microbial 34 activity. In addition, microbial community analysis showed that aerobic oxidation of 35
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increased interest in the presence of CH4 in the aquifer due to expanding CSG production 148 to the north-west of the study area (Figure 1 ). CSG production began in 2006 (Arrow 149 Energy, 2015 and has been expanding in the decade since then. This has raised concerns 150 regarding the quality and quantity of the groundwater in the CRAA. targeted for CSG production (Hamilton et al., 2012) . The WCM are thicker (150 m to 350 166 m) along the western margin of the CRAA and thin to around 50 m in the east, where the 167 unit outcrops (KCB, 2011) , however, only around 10 % of this is coal. The unit consists 168 of very fine-to medium-grained sandstone, siltstone, mudstone and coal, with minor 169 calcareous sandstone, impure limestone and ironstone (KCB, 2011) . The coal consists of 170 numerous discontinuous thin lenses separated by sediments of low permeability (Hillier, 171 2010) . The unit dips gently to the west (around 4 o ), which is consistent with the general 172 trend of the Surat Basin in this region. 173
The WCM overlie the Eurombah Formation (consisting of conglomerate sandstone 174 with minor siltstones and mudstone beds) and underlie the Kumbarilla Beds (mainly 175 sandstone, with lesser mudstone, siltstones and conglomerates) (KCB, 2011). 176 The unconfined CRAA fills a paleovalley that was carved through the GAB 177 (including the WCM). The valley-filling sediments are composed of gravels and fine-to 178 course-grained channel sands interbedded with floodplain clays and, on the margins, 179 colluvial deposits, which were deposited from the mid-Miocene to the present (Kelly and 180 Merrick, 2007; Kelly et al., 2014) . The valley-filling sediments have a maximum 181 thickness of 134 m near Dalby (Dafny and Silburn, 2014) . Along the eastern margin of 182 the valley, the CRAA is bounded by the Main Range Volcanics. Estimations of the 183 sources and quantity of recharge to the CRAA vary widely, however streambed recharge 184 is generally considered to be the major source of freshwater to the aquifer (Dafny and 185 Silburn, 2014 ). 186 Biogeosciences Discuss., doi:10.5194/bg-2016 -359, 2016 Manuscript under review for journal Biogeosciences Published: 5 September 2016 c Author(s) 2016. CC-BY 3.0 License.
between the CRAA and the underlying WCM (KCB, 2011; QWC, 2012) . This has been 188 referred to as the 'transition layer' (QWC, 2012) or a 'hydraulic basement' to the 189 alluvium (KCB, 2011) . However, the thickness of this layer varies between 30 m thick in 190 some areas to completely absent in others. Thus, in some places the WCM immediately 191 underlies the CRAA (Dafny and Silburn, 2014) . This suggests that there is some level of 192 connectivity between the CRAA and the WCM. Huxley (1982) and Hillier (2010) both 193 suggest that the general decline in water quality downstream is due to some net flow of 194 the more saline WCM water into the CRAA. Connectivity between the formations is not 195 well understood; however, studies have been conducted to better understand the 196 movement of both water and gas between the two aquifers. Duvert et al. (2015) and Owen 197 and Cox (2015) both used hydrogeochemical analyses to show that there was limited 198 movement of water between the two formations. However, Iverach et al. (2015) used the 199 isotopic signature of CH4 in the groundwater to show that there was localised movement 200 of gas between the coal measures and the overlying aquifer. This research provides 201 additional insight to inform the debate about the degree of connectivity between the 202 WCM and the CRAA. The microbiological insights also inform the global research on 203 biological CH4 production and degradation in alluvial aquifers, in particular for zones 204 distal to the river corridor. Groundwater samples were collected by installing a sampling tube 2 m inside the 213 pump outlet of the borehole to avoid the air-water interface at the sampling point. Field 214 parameters (electrical conductivity (EC), oxidation-reduction potential (ORP), dissolved 215 oxygen (DO), temperature (T) and pH) were monitored in a flow cell to ensure 216 stabilisation before samples were collected. The boreholes had been pumping 217 continuously over the preceding month for irrigation and so stabilisation of the field 218 parameters was reached within minutes. Groundwater samples for major anions and 219 water-stable isotopes (δ 2 H-H2O and δ 18 O-H2O) were collected after passing the water 220 through a 0.45 μm, high-volume groundwater filter, which was connected to the pump 221 outlet. Groundwater for anions and water stable-isotopes were stored in 125 mL high-222 density polyethylene (HDPE) bottles and 30 mL HDPE bottles, respectively. Both had no 223 further treatment. The water for δ 13 C-DIC and δ 13 C-DOC was further filtered through a 224 0.22 μm filter and stored in 12 mL Exetainer vials and 60 mL HDPE bottles, respectively. 225
Samples to be analysed for DIC were refrigerated at 4 o C and samples to be analysed for 226 DOC were frozen within 12 hours of collection. 227
Groundwater samples for the microbiological analyses were collected between 8 228
December 2014 to 11 December 2014, and were collected from the same 8 private 229 irrigation boreholes used for the geochemical analyses. Groundwater samples for 230 microbiological analysis were collected in 2 L Duran Schott bottles and sealed (gas tight). 231
The groundwater was filtered through a 0.2 m filter (Merck Millipore). We use aspects 232 of the geochemical data collected in the January campaign to inform our interpretation of 233 the microbial results from the December campaign. 234 235 Biogeosciences Discuss., doi:10.5194/bg-2016-359, 2016 Manuscript under review for journal Biogeosciences Published: 5 September 2016 c Author(s) 2016. CC-BY 3.0 License.
Geochemical analyses 236
The major ion chemistry in the groundwater samples was analysed at the Australian 237 were amplified using the primer pairs ME1F/ME3R (Hales et al., 1996) and 1F/500R 303 (Wagner et al., 1998; Dhillon et al., 2003) . QPCRs were performed as described were observed. The archaeal mcrA gene, which encodes the methyl coenzyme M 367 reductase, was not detected in any of the groundwater samples (detection limit < 10 368 cells/mL; Figure 2 ). This was consistent with the Illumina sequencing results, and 369 suggests that the CH4 observed off-gassing from the groundwater was not being produced 370 locally. 371 Our geochemical data also showed no evidence for the occurrence of 376 methanogenesis in the groundwater. As previously stated, a 13 C-enrichment in δ 13 C-DIC 377 Biogeosciences Discuss., doi:10.5194/bg-2016 -359, 2016 Manuscript under review for journal Biogeosciences Published: 5 September 2016 c Author(s) 2016. CC-BY 3.0 License.
coming from another source. We propose that the upward migration of CH4 from the 398 WCM must be considered as the potential source. The isotopic signature of CH4 from the 399 deeper coal measures has been characterised between -58.5‰ and -45.3‰, indicating 400 thermogenic CH4 with a secondary biogenic component (Papendick et al., 2011; Hamilton 401 et al., 2012; Hamilton et al., 2014) . Five of the 8 samples analysed in this study have an 402 isotopic source signature within this range, as reported in Iverach et al. (2015) . This 403 implies that upward migration from the deeper WCM is the source of the CH4 detected in 404 the groundwater. 405 However, the remaining 3 samples (samples E, G, and H) have a typically biogenic 406 isotopic source signature (-69.1‰ ). This could be the result of the replacement of 407 typically thermogenic gas in the shallow WCM by biogenic gas (Faiz and Hendry, 2006 Figures 2 and 3) . These SRB are potentially 420 outcompeting methanogenic archaea for substrates such as acetate and H2. Sulfate 421 concentrations higher than 3 mg/L, as detected in all groundwater samples (3.2 mg/L -55 422 Biogeosciences Discuss., doi:10.5194/bg-2016-359, 2016 Manuscript under review for journal Biogeosciences Published: 5 September 2016 c Author(s) 2016. CC-BY 3.0 License.
Conclusion 523
We used geochemical and microbiological indicators to explain the occurrence of CH4 in 524 the groundwater of an alluvial aquifer. Microbial community analysis and geochemical 525 data were consistent with respect to a lack of methanogenic archaea and methanogenic 526 activity in the aquifer. What is the original source of the CH4 if not biologically produced 527 in-situ? One hypothesis to explain the presence of CH4 despite there being no evidence of 528 methanogenesis is that there is localised upward migration of CH4 from the WCM into the 529 CRAA via natural faults and fractures (Iverach et al., 2015) . 530
Our geochemical data and microbiological community analysis both indicate that 531 AOM is not a major oxidation process occurring in the CRAA. However, the 532 microbiological data suggest the presence of aerobic CH4 oxidisers. Due to the absence of 533 methanogenesis, the oxidation of CH4 (facilitated by the aerobic methanotrophs present in 534 the groundwater) would require a secondary source of CH4. The upwards migration of 535 CH4 from the underlying WCM is the likely source. 536
Methane occurs naturally in groundwater, is produced via numerous biological 537 pathways, and can migrate through natural geological fractures. Therefore, determination 538 of the source of CH4 using [CH4] and δ 13 C-CH4 data alone doesn't discern all the 539 processes occurring. Our microbiological community analysis showed that there were no 540 methanogens present to produce the CH4 measured in Iverach et al. (2015) and our 541 geochemical analyses supported the absence of methanogenesis in the alluvial aquifer. 542
Similarly, the geochemical and microbiological data revealed that oxidation may not have 543 as large an effect on the CH4 due to the low abundance of aerobic oxidisers and the 544 absence of anaerobic archaea. 545 Discuss., doi:10.5194/bg-2016 Discuss., doi:10.5194/bg- -359, 2016 Manuscript under review for journal Biogeosciences Published: 5 September 2016 c Author(s) 2016. CC-BY 3.0 License. Discuss., doi:10.5194/bg-2016 Discuss., doi:10.5194/bg- -359, 2016 Manuscript under review for journal Biogeosciences Published: 5 September 2016 c Author(s) 2016. CC-BY 3.0 License. between these geochemical data, indicating that there is no methanogenic end member in 578 our samples. Samples E, G and H are omitted because they were below the detection limit 579 for δ 13 C-DOC ( Supplementary Table S1 .). Arrow 1 delineates the expected trend for 580 methanogenesis and arrow 2 is the expected trend for the dissolution of marine carbonates 581 (Currell et al., 2016) . Arrows 3-6 highlight expected ranges for δ 13 C-DIC that are off the 582 sediments. Geochim. et Cosmochim. Acta 50, 11-18, (1985) . 772 Arch. Microbiol. 173, 325-332, (2000 
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